A considerable number of studies have indicated that the output into bile of phospholipids, cholesterol and plasma membrane enzymes is determined by the biliary output of bile salts. Coleman et al. (1977) proposed that their presence in bile was due to the detergent action of bile salts upon the membrane of the bile canaliculus and that the integrity of this membrane was maintained by continuous biosynthetic repair. Model systems utilizing erythrocytes (Coleman & Holdsworth, 1976; Billington et al., 1980) and hepatocytes (Billington et al., 1980) have shown that micellar concentrations of bile salts were able to remove plasma membrane materials without causing cell lysis. Subsequently it has been shown by Barnwell et al. (1983a,b) , using isolated perfused livers, that plasma membrane enzymes and lipids are released into bile when the biliary concentration of taurocholate exceeds its critical micellar concentration, whereas the bile salt analogue taurodehydrocholate, which does not form micelles, did not release biliary lipids and plasma membrane enzymes.
The microtubule-disrupting agent, colchicine, interferes with the movement of secretory vesicles within hepatocytes. It has been found to prevent the normal release into blood of very low density lipoproteins Le Marchand et al., 1973; Stein et al., 1974; Reaven & Reaven, 1980) , albumin (Le Marchand et al., 1974; Redman et al., 1975) , fibrinogen (Feldman et al., 1975) and clotting factors V and VII (Gratzl & Schwab, 1976) . The material originally destined for secretion then accumulated within a proliferation of Golgi-derived vesicles. Barnwell & Coleman (1983) have recently demonstrated that a significant proportion of the accumulated albumin and fibrinogen are then mistakenly released into bile.
In addition to an involvement in sinusoidal secretory events the microtubular network is also implicated in the specific movement of materials to the bile canalicular pole of the hepatocyte. The movement of endocytotic vesicles containing dimeric IgA to the canaliculus (Mullock & Hinton, 1981; Goldman et al., 1983) has been shown to be interrupted by colchicine and vinblastine (Mullock et al., 1980; Godfrey et al., 1982; Barnwell & Coleman, 1983) .
In the studies to be reported here the use of the isolated perfused liver has allowed the endogenous bile salt pool to be rapidly removed and then to be completely replaced with either a micelle-forming bile salt (taurocholate) or a non-micelle-forming bile salt analogue (taurodehydrocholate (Seglen, 1976 ; but with 0.44mM-ornithine, 0.09mM-alanine and 0.1 mM-arginine) and 10% (v/v) washed human red cells. This medium was maintained at 37+1°C and gassed continuously with 02/C02 (19 :1). After 100min this perfusion medium was changed to replace substrates used by the liver. This procedure is based on that of Barnwell et al. (1983a) . At the end of the experiment, at 190 min, the liver was again flushed free of red cells with Ca2+-free Krebs Bile samples were taken and collected in preweighed tubes on ice; collections were made at t=20, 40, 70, 100, 130, 160 and 190min. The amount of bile was then determined gravimetrically assuming a density of 1 g/ml. All bile samples, homogenates and samples of centrifuged perfusion fluid were stored at -20°C till required for analysis; no deterioration of biliary components or enzyme activities was observed during the period of storage. Enzyme assays All determinations were carried out at 37°C under conditions in which only enzyme concentration was the limiting factor. The assays carried out were: 5'-nucleotidase (EC 3.1.3.5) and phosphodiesterase 1 (EC 3.1.4.1) as described in Godfrey et al. (1981) , and aspartate aminotransferase (EC 2.6.1.1) as described in Bergmeyer et al. (1978) .
Chemical determinations
Phospholipid present in bile was determined by the method of Bartlett (1959) after lipid extraction by the method of Bligh & Dyer (1959) . The amount of (free) cholesterol in bile was estimated by an assay kit (Boehringer) based on cholesterol oxidase; the H202 formed in the conversion of cholesterol to 4-cholesten-3-one is used to produce a coloured dye with absorbance at 490nm. Allowance was made for background absorbance at 490 nm and the method was calibrated with cholesterol standards. Bile salt concentrations were determined with hydroxysteroid dehydrogenase (EC 1.1.1.150) according to Coleman et al. (1979 Godfrey et al., 1981) . The following morning the rats were anaesthetized with Sagatal and maintained at 37°C with a thermostatically controlled heating blanket. The femoral vein was cannulated with PP50 tubing and [14C]taurine (25pCi) dissolved in 0.5ml of 0.15M-NaCl was administered to the rat via the cannula and followed by 0.5ml of saline alone. After 30min 20pmol of dehydrocholate in 1 ml of 0.1SM-NaCl, pH7.4, was slowly introduced into the femoral cannula over a 5min period. Bile was collected as a series of 15 min samples and its radioactivity assessed. The first two samples (0-15 and 15-30min after dehydrocholate administration) were found to contain 2MCi of 14C, and silicic acid t.l.c. in a butan-1-ol/acetic acid/water (10 :1 :1, by vol.) system (Ganshirt et al., 1960) (20-100min) In control livers there is a parallel decline in the amount of bile salts, phospholipids, cholesterol, 5'-nucleotidase and phosphodiesterase 1. Bile flow also declined to an amount probably largely represented by bile-salt-independent flow. These phenomena are probably all dependent, directly or indirectly, upon the depletion of the endogenous bile salt pool, since biliary output of all components can be re-established upon perfusion of the liver with bile salts (Figs. 1, 2 and 3). Fig. 2 ) present per ml of bile. Symbols: 0, controls (no colchicine), taurocholate (20Mmol) added at t = 00min (arrows); A, colchicine-treated livers (low dose, 0. lImol), taurocholate added at t = 100min; A, colchicine treated livers (high dose, 0.25umol), taurocholate added at t = 100min; *, controls (no colchicine), taurodehydrocholate (20smol) added at t = 100min,; , colchicine-treated livers (0.25umol), taurodehydrocholate added at t = 100min.
Vol. 220 Pre-treatment of the livers with colchicine had little effect upon the phenomena seen during depletion of the bile salt pool, except that the total amounts of all the above parameters were marginally, but not significantly, less (Figs. 1, 2 and 3 ).
Biliary composition during bile-salt-promoted output (100-190min) Bile flow. Addition of taurocholate to the perfusion medium at 100min brought about an increase in bile flow in the controls but no increase in the colchicine-treated livers. Bile flow continued to decline in both high-and low-dose treated livers with the reduction in flow being greatest in the high-dose liver (Fig. 1) .
In contrast, perfusion with taurodehydrocholate at 100min brought about an increase in bile flow, the stimulation being almost identical for both control and colchicine-treated livers (Fig. 1) .
Bile salts. Perfusion of control livers with taurocholate brought about a substantial increase in amount and concentration of bile salt in the bile. In the colchicine-treated livers the amount of bile salt secreted was reduced, but the concentrations achieved from the high-colchicine-dosed livers were comparable with the controls, although peak concentration occurred at a later time point (160min).
Perfusion with taurodehydrocholate produced a substantial increase in biliary bile salt concentration; the amount of taurodehydrocholate put out at each time point was identical for both the colchicine-treated livers and controls (Figs. 2a and  3a) .
Recoveries of perfused bile salts in bile during the time course of the experiment (100-190min) were: control, taurocholate 93.0+11.2%; control, taurodehydrocholate 94.7 + 5.7%; high-dose colchicine, taurocholate, 43.6 + 8.9%; high-dose colchicine, taurodehydrocholate 99.3 + 6.6% (means+ s.d. n = 3-8).
Biliary phospholipid and cholesterol. Following taurocholate perfusion an increase in biliary phospholipid and cholesterol secretion was observed in the controls; concentrations similar to those at initial isolation (t = 20min) were achieved. This increase was, however, absent from the colchicine-treated livers; total amounts were greatly reduced and different from the pattern with bile salts. The concentrations achieved were substantially less than in the controls (Figs. 2b and 2c,  3b and 3c) .
Taurodehydrocholate did not promote phospholipid or cholesterol output from either-controls or colchicine-treated livers. At low levels of bile salt and during taurodehydrocholate perfusion of controls, cholesterol, unlike phospholipid, continued to be secreted (Figs. 2b and 2c, 3b and 3c ) (see also Wagner et al., 1976) .
Biliary S'-nucleotidase and phosphodiesterase 1. After taurocholate perfusion there was substantial increase both in amounts and in concentration of the enzymes in the bile of controls. Whilst the amount of enzyme put out in the bile of colchicinetreated livers, after taurocholate perfusion, was less than that of controls and related to the dose of colchicine, the concentrations of the enzymes in the bile were, however, maintained and even exceeded those in the controls. At the higher dose of colchicine the greatest concentrations of 5'-nucleotidase and phosphodiesterase 1 reached in the bile were delayed compared with controls (Figs. 2d and 2e, 3d and 3e ).
Perfusion with taurodehydrocholate had little effect upon 5'-nucleotidase or phosphodiesterase 1 release either in controls or in colchicine-treated livers (Figs. 2d and 2e, 3d and 3e).
Aspartate aminotransferase in perfusates and biles
Perfusates were analysed for aspartate aminotransferase as an indication of cell damage. In the initial period (20-100min) there was little evidence of cell damage from either control rats or from rats treated with either dose of colchicine (0.060%, 0.060% and 0.061% of total liver activity respectively).
Perfusion of control and colchicine-treated livers with taurodehydrocholate brought about a further small leakage (0.12%, 0.103%) as did perfusion of control livers with taurocholate (0.14%) but these increases were not significant. There was, however, a somewhat greater, but more variable, leakage from colchicine-treated livers during taurocholate perfusion.
Leakage of aspartate aminotransferase into bile was very low in both control and colchicine-treated livers in the initial stages of perfusion. It was increased slightly during perfusion with taurodehydrocholate and more so during perfusion with taurocholate. In the case of the highest dose of colchicine the rate of leakage, though still small overall, had increased significantly to give a value over four times that of the control (Table 1) .
Homogenate enzyme activities
After the termination of perfusion liver homogenates were prepared and analysed for their activities of 5'-nucleotidase, phosphodiesterase 1 and aspartate aminotransferase. No significant differences were found in any of the above parameters, either between colchicine-treated livers and controls, or between livers perfused with the different bile salts and their controls (results not shown). In previous studies, colchicine administration has been shown to cause reductions in bile flow and bile salt output to varying extents; no consistent explanation for the effect of colchicine upon bile salt output has emerged. However, on closer inspection ofthe data it appears that the variability of the effects may be related to the amounts of bile salts presented to the liver. Thus Stein et al. (1974) reported that colchicine had little effect upon bile flow, whereas Dubin et al. (1980) found that although colchicine had no effect upon basal bile flow it reduced the biliary clearance of, and choleretic response to, infused taurocholate. Fukumoto et al. (1982) and Kacich et al. (1983) have shown that although small amounts oftaurocholate are cleared normally by colchicine-treated livers, they lack the capacity to transport larger doses of this bile salt. Gregory et al. (1978) have shown a reduced output of bile salts under conditions of continuous taurocholate infusion, and Erlinger et al. (1980) and Berken et al. (1983) have shown that colchicine causes a reduction of bile salt output after a pulse of taurocholate. Reichen et al. (1981) have suggested from work with isolated hepatocytes that colchicine is a non-competitive inhibitor of taurocholate transport.
In the present experiments it is clear that colchicine-treated livers do not transport taurocholate as efficiently as do controls. However, in view of the lack of reduction in concentration of taurocholate in the bile (Fig. 3b) , the effect of colchicine on the secretion of the bile salt cannot be simple.
Further evidence against a simple effect of colchicine on bile salt transport comes from the data on taurodehydrocholate secretion. Taurodehydrocholate transport and secretion are unaffected by colchicine, although it has been demonstrated that this bile salt is transported overall by the same system as taurocholate (O'Maille & Richards, 1976) . That taurodehydrocholate is unaffected by colchicine is also shown by the preliminary results of Berken et al. (1983) .
These results provide support for the view that bile salts are transported across the hepatocyte as discrete molecules, rather than by vesicular transport. Vesicular transport has been suggested to explain the increased numbers of vesicles in the pericanalicular cytoplasm during enhanced taurocholate (Jones et al., 1979) and dehydrocholate (Boyer et al., 1979) CA.
2)4) cd CA 4.) in solution (Strange, 1981) with transport across the canalicular membrane being driven by the electrochemical gradient (Erlinger, 1981; Inoue et al., 1982) .
Mechanisms of biliary lipid secretion
Normal bile contains mixed micelles of bile salts, phospholipids and cholesterol; perfusion of the liver with micelle-forming bile salts normally brings about an increase in biliary lipid secretion (controls, Figs. 2b and 2c) .
Mixed micelle formation may not be obligatory in bile salt transport, however, since taurodehydrocholate, a non-micelle-forming bile salt, does not increase phospholipid and cholesterol secretion (Figs. 2b and 2c, controls) . Moreover, the effects of colchicine on livers perfused with taurocholate demonstrate that high concentrations of this micelle-forming bile salt can be secreted without accompanying lipids (Figs. 3b and 3c ) or with the lipids greatly reduced in proportion to bile salts (Gregory et al., 1978; Erlinger et al., 1980) . That bile salts might be secreted independently of lipids was tentatively proposed by Apter & Hardison (1970) .
It has been suggested that bile salts may solubilize material from the bile canalicular membrane, that this effect operates after the bile salts have been pumped into the bile canalicular lumen and that continuous repair ofthe membrane will be needed if the membrane is not to become extensively damaged (Coleman et al., 1977) .
There have been several suggestions as to the origin of biliary lipid; these include material derived from an extracellular pool [(high-density lipoproteins) Casu et al. (1981) ], or from an intracellular pool (Yousef et al., 1975; Gregory et al., 1975; Kawamoto et al., 1980; Robins & Brunengraber, 1982) . Transport of this intracellular lipid to the canaliculus membrane has been tentatively suggested to be via transport proteins (Coleman et al., 1977) (but for which direct evidence of involvement has to be found), or in some form of vesicle (Erlinger, 1981) .
Such repair vesicles would migrate to and fuse with the bile canaliculus membrane and this vesicle traffic might be expected to be influenced by colchicine. It is therefore of great interest that we have shown that the output of phospholipid and cholesterol into bile is strongly inhibited by colchicine.
The vesicles observed near to the bile canaliculus (Jones et al., 1979; Boyer et al., 1979) A symptom of the general effect on the membrane of bile salts is the appearance of plasma membrane enzymes in bile during the secretion of micelle-forming bile salts (Barnwell et al., 1983a,b) . This effect can be seen in the present experiments in Figs. 2(d) and 2(e) and 3(d) and 3(e). Following colchicine treatment, the total amount of these enzymes declines after taurocholate perfusion, but their concentration in bile rises. This suggests that, as the overall composition of the plasma membrane changes, the relative extent of removal of the enzymes increases, ultimately resulting in a weakened membrane, which may then subsequently lose its integrity.
Biliary lipid composition differs considerably from that of the bile canaliculus membrane (Yousef et al., 1975; Gregory et al., 1975) . Membrane repair vesicles would therefore have to be specifically enriched in biliary-type lipids. It is possible that fusion of such vesicles with the membrane results in domains of biliary type lipid which are preferentially extracted by bile salts. The remainder of the membrane may then be of low fluidity and thus less susceptible to damage by bile salts (Lowe & Coleman, 1981 . In colchicinetreated livers, which may not have a continuous supply of membrane repair vesicles, the removal of biliary-type lipid would slow down and eventually the more resistant lipid would be attacked, resulting in the greater extent of cell damage mentioned earlier.
Due to the lack of supply of biliary-type lipid, and the subsequent processing of the residual membrane, other properties of the membrane may alter, such as the activities of the bile salt transport system itself and of bile-salt-independent flow, thereby providing an explanation for the bile-saltinduced cholestasis seen in colchicine-treated livers perfused with taurocholate, but not with taurodehydrocholate.
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